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Abstract. Woody plant expansion into grasslands and savannas is a global concern. Rapid expansion

of Juniperus virginiana, a tree native to North America, has profound ecological consequences. We used
transplanted J. virginiana seedlings to investigate the role of resource availability on J. virginiana expansion following the removal of fire, the factor historically limiting range expansion of this fire-intolerant
species. We evaluated J. virginiana seedling survival and seedling growth, two important phases in woody
plant expansion, relative to two belowground resource factors, plant-available soil water (soil clay content,
an index of plant-available soil water) and plant-available nitrogen (PAN), and an aboveground factor,
photosynthetic active radiation (PAR). In three plant communities associated with an oak forest–tallgrass
prairie ecotone, we transplanted 2-yr-old J. virginiana seedlings in a systematic grid design and measured
J. virginiana seedling survival and growth 8, 20, and 30 months following the transplant. We also measured
soil clay content, PAN, and PAR in 1-m2 quadrats centered on each transplanted seedling. We employed
path analysis at two spatial scales (144 and 2916 m2) to compare the role of resource factors in seedling
growth and survival. Juniperus virginiana seedling survival was about 10% greater in tallgrass prairie and
upland oak forest than in the old field, and seedling growth in tallgrass prairie exceeded the two other
communities by about a factor of five. Tallgrass prairie in our study area is clearly more vulnerable to expansion of J. virginiana than the other two plant communities. Survival and growth were controlled largely
by available light (PAR) and secondarily by plant-available soil water, indexed by soil clay content. In all
three vegetation types and at both fine and coarse scales, soil clay content also exerted an indirect effect,
possibly by mitigating the influence of light. Results of this study suggest that soil distribution maps and
associated ecological site designations might be useful for directing J. virginiana management in the oak
forest–tallgrass prairie ecotone by identifying the potential hotspots of invasion.
Key words: cross timbers; eastern redcedar; invasion; seedlings; soil texture; tallgrass prairie; upland oak forest;
woody plant expansion.
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Introduction

plant expansion include domestic livestock grazing, fire suppression, and climate change (Archer
1989, Van Auken 2000, Volder et al. 2013). A
synthesis of over two decades of research on
woody plant expansion in the tallgrass prairie of

Woody plant expansion is a global phenomenon in grassland and savanna ecosystems
(Archer 1994, Binggeli 1996). Drivers of woody
v www.esajournals.org
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central North America illustrates the widespread
expansion of woody plants in the absence of fire
(Briggs et al. 2005). Not only does infrequent fire
accelerate woody plant expansion, restoring historic fire regimes in this region may not reverse
woody plant expansion (Briggs et al. 2005, Bond
2008). One such example of a rapidly expanding
native woody species is Juniperus virginiana L. in
North America (Schmidt and Leatherberry 1995,
Hoch et al. 2002, DeSantis et al. 2010). Expansion
of J. virginiana is of ecological concern because it
changes the plant and animal community composition (Gehring and Bragg 1992, Coppedge
et al. 2001, Horncastle et al. 2005, Alford et al.
2012, Powers and Larsen 2014), reduces grassland productivity (Engle et al. 1987, Smith and
Stubbendieck 1990), alters hydrology (Zou et al.
2013, Starks et al. 2014), and alters biogeochemistry (Norris et al. 2001, 2007, McKinley and Blair
2008).
Plant community attributes, such as species
composition or diversity, have been hypothesized
to regulate invasibility of plant communities (Elton
1958, Richardson and Pyšek 2008), a function
largely of niche overlap, which is clearly an important contributor to invasion resistance (Hooper and
Dukes 2010). However, plant species richness and
diversity may not regulate J. virginiana expansion
in the Southern Great Plains (Ganguli et al. 2008b).
Alternatively, resource availability, the amount of
unused resources in plant communities, has been
suggested as the most important factor in determining invasibility (Davis et al. 2000, Davis and
Pelsor 2001). In this view, there may be no relationship between the diversity of a plant community and its invasibility (Davis et al. 2000). Rather,
the availability of limiting resources predicts competition intensity within the resident plant community such that competition intensity decreases
as unused resources increase (Davis et al. 1998,
2000, Tognetti and Chanetou 2015). Within a plant
community, resource availability can change as
a result of disturbance that increases resource
levels directly or alters resource use by resident
vegetation and by biogeochemical processes that
increase resource availability (Tilman 1985, Davis
et al. 2000, Seastedt and Pyšek 2011). A species
can expand into or invade new communities by
acquiring more of a limiting resource (Davis
and Pelsor 2001), by using limiting resources
more efficiently (Funk and Vitousek 2007), by
v www.esajournals.org

tolerating lower resource levels (Gurevitch 1986),
or by enduring harsher conditions than resident
species. Plant community diversity and resource
competition can interact to influence the community invasion through niche preemption, whereby
higher levels of diversity can increase the resource
competition and thereby decrease the invasion
(Mallon et al. 2015).
Plant–soil interactions and resulting plant
community dynamics are hypothesized to be
driven by limiting resources that vary along a
precipitation gradient (Lauenroth and Coffin
1992, Burke et al. 1998). Areas of low precipitation characterized by arid to semiarid grassland
plant communities are postulated to be dominated by belowground constraints and where
water is the most limiting resource (Noy-Meir
1973, Lauenroth et al. 1978). In contrast, areas of
high precipitation characterized by mesic forests
are postulated to be dominated by aboveground
constraints and where light is the most limiting
resource (Kaelke et al. 2001, Lin et al. 2002, Green
et al. 2004). In areas of intermediate precipitation, such as subhumid to humid grasslands,
this hypothesis suggests that plant community
dynamics are characterized by indeterminate
limiting resource factors, commonly water, nitrogen, and light that are spatially and temporarily
variable (Lauenroth and Coffin 1992, Seastedt
and Knapp 1993, Burke et al. 1998).
We do not understand completely the role of
resource limitation in J. virginiana expansion in
North America. J. virginiana expansion was limited historically by fire (Schmidt and Leatherberry
1995, Hoch et al. 2002). In the absence of fire, soil
water (Davis et al. 1998, 1999), light (Nicotra et al.
1999, Lin et al. 2002), and soil nutrient availability (Kaelke et al. 2001) might limit woody plant
expansion. Plant-available soil moisture on a site
is determined by the interaction between precipitation, topography, potential evapotranspiration,
vegetation, and soil properties, particularly soil
texture (Tolk 2003). Given similar precipitation
regimes and topography, soil texture largely
controls plant-available soil water because of
infiltration and water retention properties of
soil texture. Water infiltrates rapidly into sandy
soils, but water also drains rapidly from the large
pores in sandy soils. In contrast, water infiltrates
slowly into clayey soils where water is held
against gravity in small pores among small clay
2
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J. virginiana throughout the region (Engle et al.
2008). According to a report on land-use history
of an adjacent research location with the same
ownership and management history (Ewing
et al. 1984), the area was homesteaded between
1895 and 1905. The old field resulted from cultivation, which was accompanied by soil erosion
that ceased by 1937 when the U.S. government
purchased the land (Ewing et al. 1984). The
government constructed shallow terraces in the
cultivated field, which was allowed to naturally
revegetate as an old field. The upland oak forest
and tallgrass prairie were largely undisturbed
(Ewing et al. 1984). Domestic cattle grazed the
research site at varying rates before the study,
and light stocking of cattle was practiced in the
decade before the study. We excluded livestock
during the study. Average annual precipitation
in this area is 831 mm, mostly falling from April
through October, and the average frost-free
growing period is 203 d (National Oceanic and
Atmospheric Administration 1999). Water-year
(October 1–September 30) precipitation for the
three years spanning the study period averaged
744 mm, about 10% drier than average.
The tallgrass prairie and old-field sites are
comprised of fine to fine-loamy soils (Renfrow-
Coyle-Grainola Association) derived from
weathered shale, limestone, and sandstone under
prairie vegetation (Henley et al. 1987). The dominant herbaceous species on the tallgrass prairie
site were Schizachyrium scoparium (Michx.) Nash,
Andropogon gerardii Vitman, Sorghastrum nutans
(L.) Nash, and Ambrosia psilostachya DC (nomenclature follows the PLANTS database [USDA,
NRCS 2016]). The dominant plants on the old
field were S. scoparium, Aristida purpurascens
Poir., S. nutans, and A. psilostachya. The upland
oak forest sites are comprised of loamy to fine-
loamy soils (Stephenville-Darnell Association)
derived from weathered sandstone under oak
(Henley et al. 1987). Dominant species on this
site included Quercus stellata Wangenh. and
Q. marilandica Münchh. See Ganguli et al. (2008b)
for additional description of plant community
composition.

particles and by the larger matrix force exerted
by the comparative larger surface area provided
by small clay particles. Therefore, even though
clayey soils can hold more water than sandy or
loamy soils, more of the water in clayey soils is
bound tightly to the soil particle and unavailable
for plant use. Therefore, in the semiarid to subhumid climates characteristic of the Great Plains,
woody plants might be expected to encroach
more aggressively on soils with neither extreme
in soil texture (i.e., neither sand nor clay) because
of more plant-available soil water.
Our objective was to determine the role of
resource availability on J. virginiana expansion,
particularly the role of abiotic factors light, soil
nitrogen, and soil water on success of J. virginiana establishment and growth in a subhumid oak
forest–tallgrass prairie ecotone. We transplanted
J. virginiana seedlings into three plant communities to evaluate J. virginiana seedling survival
and seedling growth, two important phases in
woody plant expansion. We examined the survival and growth relative to direct and indirect
effects of three resources, assessed using two
belowground factors, potential plant-available
soil water (indexed by soil texture through soil
clay content) and plant-available nitrogen (PAN,
indexed by extractable soil ammonium and
nitrate), and an aboveground factor, photosynthetic active radiation (PAR).

Methods
Site description

We conducted our study from 2001 to 2003 in
north-central Oklahoma (36°03′ N, 97°12′ W)
within the Cross Timbers, a mosaic of upland
oak forest, savanna, and tallgrass prairie encompassing about 4.8 million hectares from southeastern Kansas to north-central Texas (Hoagland
et al. 1999). The cross timbers is in a transition
zone in which upland oak forest occupying
sandstone-derived soils and tallgrass prairie
occupying soils derived from shale and limestone (Dyksterhuis 1948, Hoagland et al. 1999).
To evaluate the relationship between J. virginiana seedling survival and growth and resource
availability, we established study sites in three
plant communities—old field, tallgrass prairie, and upland oak forest. These plant communities are experiencing encroachment by
v www.esajournals.org

Experimental design

We investigated J. virginiana expansion thro
ugh a transplant experiment in which 2-yr-old
bare-root J. virginiana seedlings (obtained from

3
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Goldsby, Oklahoma, USA) were transplanted in
a systematic grid design (180 × 180 m) within
each plant community from 20 March to 27
March 2001. Tree planting bars (Jim-Gem) 10 cm
wide, 30 cm long, and 2.5 cm thick were used to
plant the seedlings by hand to minimize disturbance effects, and the ground was locally compacted by foot to close the hole and eliminate air
pockets. By systematically planting established
seedlings, we intended to control for germination effects and the clumped dispersal of J. virginiana by birds and mammals (Holthuijzen et al.
1987). In each grid, we transplanted 900 seedlings so that each seedling was 6 m distant from
each neighbor seedling. We established permanent 1 × 1 m plots around each seedling for subsequent soil measurements.
We used this spatial design to investigate
the effect of scale (i.e., increasing grain size) on
the relationship between resource availability
and J. virginiana seedling survival and seedling
growth. Spatial dependence of ecological processes can occur in large landscape investigations
(Godfray and Lawton 2001, Fuhlendorf et al.
2002) as well as small plot investigations (Purves
and Law 2002). Therefore, we selected two spatial
scales to investigate the effects of scale on the relationship between resource availability and J. virginiana seedling survival and seedling growth. We
used ArcView GIS software v.3.3 (ESRI, Redlands,
California, USA) with the Moving Windows
Statistics v.1.1a extension to aggregate groups of
4 and 81 adjacent samples into single data units
(Isaaks and Srivastava 1989) corresponding to
areas of 144 and 2916 m2 to reflect the area of influence of an individual tree or small group of trees
and a stand of trees, respectively (Table 1).

crown height, stem diameter, and survival of
seedlings at 8, 20, and 30 months following transplanting. Height of seedlings was measured as
the standing height of the tallest leader, and
seedling diameter was measured with digital calipers approximately 1 cm above the soil surface
in two opposing directions. Seedlings were
counted as dead if they did not appear to contain
chlorophyll or if seedlings were removed (i.e., by
herbivores or by animal excavation) from the
transplant location. Average crown height and
stem diameter of seedlings at the time of transplant were 255 mm and 5 mm, respectively.
We combined seedling crown height and dia
meter into an index of seedling size (seedling
size = seedling crown height × seedling stem
area) from which we calculated the percentage
growth or the percentage change in seedling size,
([final seedling size − initial seedling size]/initial
seedling size) × 100, so that we could assess seedling performance using a single response variable. The index of seedling size is equivalent to
calculating stem volume of seedlings, a commonly used response variable in forestry investigations (Brandeis et al. 2002).
We sampled soil chemical and physical
properties throughout each grid from May to
June 2001 during the period of peak availability of resources, soil water, and solar radiation
(Borchert 1950) and nutrients. Concentration of
extractable N is usually greatest in the spring
(May and June) (Blair et al. 1998). While our
soil nitrogen methods do not fully capture
nitrogen dynamics, we believe the soil nitrogen data amply index nitrogen availability. Our
intent was not to describe temporal soil nitrogen
dynamics including the annual cycle of PAN.
Around each J. virginiana seedling, four soil
cores (15 cm) were collected and combined to
form a composite sample, dried in a forced-air
oven at 60°C, and ground to pass a 2-mm sieve.

Field methods

We measured crown height and stem diameter
at the time of transplanting, and we measured

Table 1. Mean (x), standard deviation (SD), and coefficient of variation (% CV) of clay, plant-available nitrogen
(PAN), and photosynthetic active radiation (PAR) in three plant communities at the 1 × 1 m spatial scale
(n = 900 for each plant community).
Clay (%)

PAR (μmol·s−1·m−2)

PAN (ppm)

Community

x ± SD

CV

x ± SD

CV

x ± SD

CV

Tallgrass prairie
Old-field grassland
Upland oak forest

19 ± 5
24 ± 8
13 ± 5

13
33
22

14.5 ± 3.4
12.0 ± 3.4
11.3 ± 3.3

24
29
30

1600 ± 490
1630 ± 620
340 ± 520

30
38
152

v www.esajournals.org
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Soils were analyzed for texture, nitrate nitrogen
(NO3-N), and ammonium nitrogen (NH4-N).
We measured PAN because nitrogen is often the
most limiting nutrient to plant growth in this
region (Blair et al. 1998). Soil nitrate and ammonium were extracted with one molar potassium
chloride solution and measured by flow injection utilizing the cadmium reduction method
for nitrate and the salicylate method for ammonium (Robertson et al. 1999). We used the sum
of nitrate and ammonium values to estimate the
total PAN (Schlesinger et al. 1996). Soil texture,
specifically soil clay content (Table 1), was used
as a surrogate of potential plant-available water,
which differs markedly across textural ranges
observed in the study area (Scott et al. 2013). We
determined the soil texture with the hydrometer method (Gee and Bauder 1986), including percentage clay, an important indicator of
soil water infiltration rate and water retention
(Harlan 1957). Photosynthetic active radiation
was measured approximately 50 cm above each
seedling and above the herbaceous canopy with
a LI-190SA Quantum Sensor (LI-COR, Lincoln,
Nebraska, USA) on cloudless days within 75 min
of solar noon May–July 2002.

standard deviation change in the criterion variable (Sokal and Rohlf 1995). Indirect effects of the
predictor variables (i.e., indirectly influencing
J. virginiana seedling survival or seedling growth)
were estimated using Pearson’s correlation coefficients. We performed path analysis using SAS
(ver. 8 SAS Institute, Cary, North Carolina, USA),
and we selected P < 0.05 to determine the significance of path models and direct and indirect
effects within path models.

Results
Juniperus virginiana seedling survival and seedling growth, two phases of the expansion process
of the species, differed across the three plant
communities in our study (Table 2) and the three
factors we measured (Table 1). Seedling survival
was lowest in old-field grassland and 10% greater
in tallgrass prairie and upland oak forest
(Table 2). Seedlings in tallgrass prairie were considerably larger, by about a factor of 5, after
30 months than seedlings in the old-field grassland or upland oak forest (Table 2). These results
indicate that the tallgrass prairie in our study is
more vulnerable to expansion of J. virginiana than
the other two plant communities.
The relationship between abiotic factors and
survival and growth of J. virginiana varied across
plant communities and spatial scale, and variance in seedling survival and growth explained
by path regression models differed substantially
across plant community (Figs. 1 and 2). However,
survival and growth were largely controlled
by PAR and secondarily by plant-available soil
water, indexed by soil clay content. In those models in which soil clay content, a surrogate for the
potential plant-available water content, was a significant variable (eight of 12 models of seedling
survival and growth), the direct relationship of

Statistical analysis

We used path analysis, a general form of multiple regression (Dewey and Lu 1959, Sokal and
Rohlf 1995), to simultaneously assess the direct
and indirect effects of resource availability factors (predictor variables) on seedling survival
and growth (criterion variables). Direct effects
between the predictor variables and J. virginiana
seedling survival and seedling growth were estimated using standardized partial regression
coefficients. Coefficients may be > 1 because a
standard deviation change in the predictor variable may potentially affect more than one

Table 2. Mean survival and mean ± SE of height, diameter, and change in size (growth, expressed as percentage
change in seedling size from t = 0 months to t = 30 months) of Juniperus virginiana seedlings 30 months following
the transplant into tallgrass prairie, old-field, and upland oak forest communities.
Community

Survival (%)

Tallgrass prairie
Old-field grassland
Upland oak forest

72
60
71

Height (mm)
752 ± 7
411 ± 6
451 ± 6

Diameter (mm)
12 ± 1
7±1
6±1

Change in size†
2250 ± 67
431 ± 30
320 ± 15

† Equation is as follows: ([final seedling size – initial seedling size]/initial seedling size) × 100.

v www.esajournals.org
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Fig. 1. (a–f) Path analysis of Juniperus virginiana seedling survival and seedling growth at a fine spatial
scale (i.e., grain = 144 m2) in tallgrass prairie (a, d), old-field grassland (b, e), and upland oak forest (c, f).
Direct arrows to seedling survival (a–c) or seedling growth (d–f) from prediction variables photosynthetic
active radiation (PAR), plant-available nitrogen (PAN), and clay include standardized partial regression
coefficients, and arrows between prediction variables are Pearson’s correlation coefficients. Solid lines
indicate the positive relationships between variables, whereas dashed lines indicate the negative relationships
in the path analysis. Standardized partial regression coefficients and correlation coefficients are only shown
when P ≤ 0.05.

v www.esajournals.org
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Fig. 2. (a–f) Path analysis of Juniperus virginiana seedling survival and seedling growth at a coarse spatial
scale (i.e., grain = 2916 m2) in tallgrass prairie (a, d), old-field grassland (b, e), and upland oak forest (c, f).
Direct arrows to seedling survival (a–c) or seedling growth (d–f) from prediction variables photosynthetic
active radiation (PAR), plant-available nitrogen (PAN), and clay include standardized partial regression
coefficients, and arrows between prediction variables are Pearson’s correlation coefficients. Solid lines indicate
the positive relationships between variables, whereas dashed lines indicate the negative relationships in the
path analysis. Standardized partial regression coefficients and correlation coefficients are only shown when
P ≤ 0.05.

v www.esajournals.org
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soil clay content to seedling survival and growth
was negative, as we expected. In contrast, the
direct relationship of PAR and PAN to J. virginiana seedling survival and seedling growth was
positive, also as we expected. PAR, a significant
direct variable in 11 of 12 path models, generally
had the strongest direct effect on seedling growth
and seedling survival (nine of 12 path models)
(Figs. 1 and 2). PAN was a significant variable in
only seven of 12 models, and of these, the direct
effect for PAN was low or not significant except
for one model—seedling survival in the old field
at the coarse scale (Fig. 2).
Path models generally performed better at the
coarser spatial scale, and the most robust models were of seedling survival and growth in the
tallgrass prairie and seedling survival in the old-
field community, all at the coarse spatial scale
(Figs. 1 and 2). Path models of seedling survival
in oak forest were the least robust, explaining little variance in seedling survival at either the fine
or coarse scale compared to the models in tallgrass prairie and old field.
Although PAR was the abiotic factor most
strongly associated with seedling survival and
growth across spatial scales and plant communities, soil clay content was correlated with PAR
in all 12 models, which indicates that soil clay
content is also an important indirect variable
influencing seedling survival and growth by
influencing PAR. We suspect that plant-available
soil water, indexed by soil clay content, might
mediate the influence of PAR on J. virginiana
seedlings by influencing the growth and shading
structure of surrounding plants. Therefore, soil
clay content either directly influenced or indirectly influenced the seedling survival and seedling growth consistently across communities and
spatial scales (Figs. 1 and 2). Moreover, the partial coefficient between soil clay content and PAR
was the largest of the indirect relationships in
the models combined across plant communities,
and the direct negative effect of soil clay content
on seedling survival at the coarse scale across
plant communities (Fig. 3) was the largest partial
correlation coefficient of any of the path models
(Figs. 1–3). The negative direct effect of soil clay
content was significant in only three of the four
models for oak forest, and the coefficient for the
direct effect in those was low (Figs. 1 and 2). In
contrast, seedling survival in the tallgrass prairie
v www.esajournals.org

and old field, which had higher soil clay content
than in the oak forest, was strongly and negatively related to soil clay content at the coarse
scale (Figs. 1 and 2).
Of the three factors, PAN was least related to
seedling survival and growth, and the relationship was most often nonsignificant in the path
models (Figs. 1–3). However, soil clay content
was negatively correlated with PAN for both
measures of J. virginiana success in the tallgrass
prairie and old-field communities at both spatial
scales and positively correlated with PAN for
both measures of success in the upland oak forest
community at both spatial scales (Figs. 1 and 2).
PAN was directly positively related to J. virginiana success at the fine spatial scale in the prairie
and old-field communities, but the coefficients
were generally low. There was no clear relationship between PAN and J. virginiana success in the
upland oak forest community and at the coarse
spatial scale. Therefore, our results indicated that
light PAR and plant-available soil water (soil clay
content) largely control J. virginiana expansion
among these plant communities.

Discussion
Our controlled experiment assessed the survival and growth of J. virginiana seedlings transplanted into three contrasting, intermixed
vegetation types (tallgrass prairie, old field, and
upland oak forest). We characterized three physical properties (soil clay content, extractable soil
inorganic N, and light availability at seedling
canopy level) in each set of plots and then used
path analysis based on sample clustering at two
different spatial scales to assess which of the
three factors best explained the differences in
seedling survival and seedling growth. Because
the study employed large gridded plots (900
seedlings evenly spaced in 180 × 180 m plots), we
were able to assess these resource factors at different spatial scales. Had we employed only a
fine-scale assessment, the results would not have
been as compelling because both the direct and
indirect effects of the factors were stronger at the
coarser of the two scales.
Our results indicate that J. virginiana seedling
survival and seedling growth vary across vegetation types, and survival and growth are largely
controlled by a combination of available light
8
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Fig. 3. (a–d) Path analysis of Juniperus virginiana seedling survival and seedling growth across plant
communities at a fine spatial scale (i.e., grain = 144 m2) and coarse spatial scale (i.e., grain = 2916 m2). Direct
arrows to seedling survival (a, b) or seedling growth (c, d) from prediction variables photosynthetic active
radiation (PAR), plant-available nitrogen (PAN), and clay include standardized partial regression coefficients,
and arrows between prediction variables are Pearson’s correlation coefficients. Solid lines indicate the positive
relationships between variables, whereas dashed lines indicate the negative relationships in the path analysis.
Standardized partial regression coefficients and correlation coefficients are only shown when P ≤ 0.05.

concept that multiple resource factors interact to
create an integrated limiting condition important
to plant community dynamics (Palmer 1993), or
in the case of this study, the survival and growth
of a single expanding species (Chapin 1980,
Seastedt and Knapp 1993, Catford et al. 2009).
Our results agree with the established relationship of soil texture broadly defining plant
community type (i.e., forest vs. prairie) in the
oak forest–tallgrass prairie ecotone (Dyksterhuis
1948, Bell and Hulbert 1974, Hoagland et al.
1999). The tallgrass prairie and old-field sites in
this study were dominated by the fine-textured
Renfrow soil containing more clay content than
the oak forest, which was dominated by coarser-
textured Stephenville soil. Soil in the old field
had greater and more variable clay content than

PAR and plant-available soil water, indexed by
soil clay content. In all three vegetation types
and at both fine and coarse scales, soil clay content also exerted an indirect effect by mitigating
the influence of light. Therefore, even when soil
clay content was not directly or strongly related
to J. virginiana seedling survival and seedling
growth, soil clay content was related to seedling
survival and seedling growth through its influence on other resources, especially on PAR. This
consistent relationship of soil clay content and
PAR with J. virginiana seedling survival and seedling growth suggests that J. virginiana expansion
into plant communities in this ecotone can be predicted largely by inherent site characteristics that
can be represented collectively by soil clay content, coupled with PAR. Our results support the
v www.esajournals.org
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in the prairie, likely due to soil movement associated with cultivation. The coarser-textured
Stephenville soil permits rapid water infiltration,
which allows deep-rooted oak trees to establish,
leading to light-limited systems. Shade-intolerant
J. virginiana survived and grew better with higher
PAR in all plant communities (Figs. 1–3). In contrast, the finer-textured Renfrow soil limits water
infiltration and renders water less available to
plant extraction leading to water-limited, grass-
dominated ecosystems. The direct negative
relationship between soil clay content and J. virginiana seedling survival and seedling growth
was most consistent on the tallgrass prairie and
old field, indicating that soil texture is an important factor on these sites. We acknowledge that
other factors, such as aspect and topographic
position, covary with soil texture and also can
potentially influence the soil water content and
consequently the survival and growth of J. virginiana (Schmidt and Stubbendieck 1993).
Encroachment of J. virginiana into open, fine-
textured soils of prairie sites is seen elsewhere
in North America. For example, xeric limestone
prairies in the Ozarks region and the southeastern and Midwestern United States occur on shallow soils developed on limestone, dolomitic, or
calcareous shale parent materials (Baskin and
Baskin 2000, Rhoades et al. 2005, Lawless et al.
2006a, b, Baskin et al. 2007). These sites often have
south or southwest aspects (McClain and Ebinger
2002, Baskin et al. 2007, Pierce and Reich 2010) and
fine-textured soils (Rhoades et al. 2005, Lawless
et al. 2006b), which reduce plant-available soil
moisture. Although xeric limestone prairies occur
in relatively moist regions, the plant communities
on these locally dry sites are remarkably similar
to tallgrass prairie communities in the Southern
Great Plains. Xeric limestone prairies in humid
climates are dominated by C4 perennial grasses,
especially S. scoparium (Baskin and Baskin 2000,
Lawless et al. 2006a, b, Baskin et al. 2007), one of
the dominant species on the tallgrass prairie and
old-field sites in the present study.
Juniperus virginiana is drought tolerant and
therefore well adapted to water-limited prairie in
this region (Caterina et al. 2014). In fact, J. virginiana is more drought tolerant than the tallgrass
prairie-dominant A. gerardii (Axmann and Knapp
1993), five species of oaks (Quercus spp.) and Acer
saccharum Marsh. (Bahari et al. 1985), and Pinus
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ponderosa Lawson & C. Lawson (Bihmidine et al.
2010). Mechanisms enabling tolerance to low soil
water content of J. virginiana include its resistance
to xylem embolism and its ability to conduct
water at high xylem tensions that occur during
times of severe drought (Sperry and Tyree 1990).
As an evergreen conifer, J. virginiana photosynthesizes year around (Eggemeyer et al. 2006)
and takes advantage of increased light availability when deciduous oaks are leafless and when
their leaves are emerging in spring (Lassoie et al.
1983). In addition, the light saturation point for
understory J. virginiana is half that reported for
open-growing J. virginiana, suggesting that the
plants adjust to understory conditions (Lassoie
et al. 1983).
Secondary succession processes differ in
nutrient-rich soils compared to nutrient-poor
soils (Gleeson and Tilman 1990), and nitrogen is
the most limiting nutrient in tallgrass prairie and
old fields (Wedin 1995, Blair et al. 1998, Knops
and Tilman 2000). Thus, degraded soil quality
in old fields might result in nitrogen playing a
relatively more important role in the ecotone.
However, in our study, clay was consistently a
more important factor than was PAN in the old
field. Our single measurement of PAN did not
fully capture dynamics in PAN that can possibly
influence the growth and survival of J. virginiana,
but PAN in our communities spanned a considerable range. Others also have found soil nitrogen to be relatively unimportant compared to
light availability in expansion of native woody
plants in intact tallgrass prairie (Heisler et al.
2004, Briggs et al. 2005).
Our study was not replicated in space, and
it is not necessarily representative of the broad
expanse of landscapes potentially open to expansion by J. virginiana. However, the results of this
study suggest that the potential for using soil
distribution maps and associated ecological site
designations for directing J. virginiana management should be explored. For example, managers and policy makers could identify tallgrass
prairie on medium-textured soils, in which J. virginiana seedling survival is high and growth can
be especially rapid, to focus prescribed burning
efforts to prevent further invasion or remove
trees from these sites after they have established
(Bidwell et al. 2013). Early management intervention is critical with rapidly growing J. virginiana
August 2016 v Volume 7(8) v Article e01433
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seedlings because seedlings grow rapidly to a
height and density that fire, if re-introduced,
either no longer carries through the stand or fire
intensity is insufficient to kill the trees (Smith
and Stubbendieck 1990, Twidwell et al. 2013).
Juniperus virginiana expansion risk in oak forests could increase if the canopy opens through
natural or anthropogenic disturbance alleviating
light limitation. For example, striking die-off of
oaks occurred in the central United States after
the droughts of the early 2000s (Bendixsen et al.
2015, Gu et al. 2015), potentially opening these
forests to expansion of J. virginiana. Therefore,
oak forests that develop canopy gaps might be
monitored for seedlings so that management
practices can be applied early to prevent the
establishment of J. virginiana trees. Because different factors limit the establishment of J. virginiana
among plant communities, effective management of J. virginiana will likely depend upon a
multipronged approach to identify the hotspots
of expansion through identifying highly susceptible ecological sites, early J. virginiana removal,
eliminating organized planting programs
(Ganguli et al. 2008a), and focusing control programs on trees that provide seed sources to dispersers (Holthuijzen and Sharik 1985, Horncastle
et al. 2004).

Leslie Jr. and E. C. Hellgren for their contributions,
the many field technicians who assisted with this
work, and Ryan Limb for reviewing an earlier version
of this manuscript.
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